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LIQUID ARGON TPCS ON THE  
BOOSTER NEUTRINO BEAMLINE  
TO EXPLORE NEW PHYSICS 



Phys. Rev. D79, 072002 (2009)

THE BOOSTER NEUTRINO BEAMLINE 
(BNB) 

• 8 GeV protons hit Be target
• Magnetic horn focuses 

(defocuses) neutrino 
(antineutrino) parents

•  Muon neutrino energy 
peaks ~700 MeV

• Previous experiments on 
BNB: MiniBooNE & 
SciBooNE
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Detector(s)

Neutrino flux 
at 500 m



PUZZLES FROM MINIBOONE 

• MiniBooNE: mineral oil 
Cerenkov detector 
located ~500 m from 
target

• Anomaly in searches for 
electron neutrino (and 
antineutrino) appearance

•  Problem: irreducible 
photon backgrounds at 
low reconstructed 
energies

Where is this low-energy 
excess coming from?

7/4/14ICHEP 2014, Valencia, Spain 3

3

E
v
e
n
ts

/M
e
V

0.5

1.0

1.5

2.0

2.5

Data (stat err.)
+/-
µ from e!

+/-
 from Ke!

0
 from Ke!

 misid
0
"

# N$ %

dirt
other
Constr. Syst. Error

Neutrino

 (GeV)
QE
!E

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

E
v
e

n
ts

/M
e

V

0.0

0.2

0.4

0.6

0.8

1.0

1.2 Antineutrino

3.01.5

FIG. 1: The neutrino mode (top) and antineutrino mode (bot-
tom) EQE

ν distributions for νe CCQE data (points with sta-
tistical errors) and background (histogram with systematic
errors).

bins. In neutrino (antineutrino) mode, a total of 952
(478) events pass the νe event selection requirements with
200 < EQE

ν < 1250 MeV, compared to an expectation of
790.0±28.1±38.7 (399.6±20.0±20.3) events, where the
first error is statistical and the second error is systematic.
This corresponds to a neutrino (antineutrino) excess of
162.0± 47.8 (78.4± 28.5) events. Combining the data in
neutrino mode and antineutrino mode, the total excess
is 240.3 ± 62.9 events. Fig. 2 shows the event excesses
as a function of EQE

ν in both neutrino and antineutrino
modes. The number of data, fitted background, and ex-
cess events for neutrino mode, antineutrino mode, and
combined are summarized in Table II.

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rates are stable to < 2% and that
the detector energy response is stable to < 1% over the
entire run. In addition, the fractions of neutrino and an-
tineutrino events are stable over energy and time, and
the inferred external event rate corrections are similar in
both neutrino and antineutrino modes.

A comparison between the MiniBooNE and LSND an-
tineutrino data sets is given in Fig. 3, which shows the
oscillation probability as a function of L/Eν for νµ → νe
and ν̄µ → ν̄e candidate events in the L/Eν range where
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FIG. 2: The neutrino mode (top) and antineutrino mode (bot-
tom) event excesses as a function of EQE

ν . Also shown are the
expectations from the best two-neutrino and 3+2 joint oscilla-
tion fits with 200 < EQE

ν < 3000 MeV and from two reference
values in the LSND allowed region. All known systematic er-
rors are included in the systematic error estimate.

MiniBooNE and LSND overlap. The data used for LSND
and MiniBooNE correspond to 20 < Eν < 60 MeV and
200 < EQE

ν < 3000 MeV, respectively. The oscilla-
tion probability is defined as the event excess divided
by the number of events expected for 100% νµ → νe
and ν̄µ → ν̄e transmutation in each bin, while L is the
distance travelled by the neutrino or antineutrino from
the mean neutrino production point to the detector and
Eν is the reconstructed neutrino or antineutrino energy.
The largest oscillation probabilities from both LSND and
MiniBooNE occur at L/Eν ≥ 1 m/MeV.

The MiniBooNE data are next fit to a two-neutrino
oscillation model, where the probability, P , of νµ →
νe and ν̄µ → ν̄e oscillations is given by P =
sin2 2θ sin2(1.27∆m2L/Eν), sin

2 2θ = 4|Ue4|2|Uµ4|2, and
∆m2 = ∆m2

41 = m2
4 − m2

1. The oscillation parameters
are extracted from a combined fit to the νe, ν̄e, νµ, and
ν̄µ CCQE event distributions. The fit assumes CP con-
servation with the same oscillation probability for neu-
trinos and antineutrinos, including both right-sign and
wrong-sign neutrinos, and no significant νµ, ν̄µ, νe, or ν̄e
disappearance. Using a likelihood-ratio technique [4], the
best oscillation fit for 200 < EQE

ν < 3000 MeV occurs at

Phys. Rev. Lett. 110, 161801 (2013)

νμ  νe ?

2.8σ excess

3.4σ excess



LIQUID ARGON TPCS (LARTPCS) 

Offers high-definition look 
at the interaction vertex

• Discriminate photons 
from electrons: topology

•  Electron showers not 
displaced from vertex

•  Photons may be 
displaced

• Additional activity  
clues to the interaction
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Data from ArgoNeuT
•  Electron-like shower event
•  Single photon-like shower 
event



LIQUID ARGON TPCS (LARTPCS) 

Offers high-definition look 
at the interaction vertex

• Discriminate photons 
from electrons: dE/dx

•  Electron-initiated 
showers have lower 
ionization in first few 
centimeters

•  Photons which pair-
produce have higher 
initial ionization
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MICROBOONE 

New LArTPC neutrino 
detector located 470 m from  
BNB target

• Long drift (2.6 m)
•  High cathode voltage and 

purity
• Fill without evacuating

•  Ar purge before fill
• Electronics inside LAr

•  Low noise  better signal 
sensitivity

• Operating on surface
•  Cosmic rays in drift 

window
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drift direction



NEUTRINO INTERACTION CROSS SECTIONS 
•  ~GeV region very interesting
•  Argon data needed as foundation for future LArTPC detectors
•  MicroBooNE will conduct rigorous program to measure cross 

sections on argon
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MICROBOONE: DETECTOR STATUS 

• TPC inside 
cryostat, and 
cryostat welded 
shut

• Just moved to 
location on BNB 
in Liquid Argon 
Test Facility!

• Expect: 
commissioning 
this fall, first 
neutrino 
interactions this 
winter
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LARTPC RECONSTRUCTION EFFORT 

• LArSoft: a LArTPC simulation, reconstruction, and analysis 
package

• End goal: a fully-automated reconstruction chain
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drift 
window

Neutrino interaction



MICROBOONE AND STERILE NEUTRINOS 

• MicroBooNE will tell use 
what kinds of events 
make up MiniBooNE low-
energy excess

• Low-energy excess can 
be interpreted as part of 
broader evidence for 
sterile neutrinos

MicroBooNE can be part of 
broader short-baseline 
neutrino program to more 
definitely address sterile 
neutrino question
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FIG. 5: MiniBooNE allowed regions in combined neutrino and
antineutrino mode for events with 200 < EQE

ν < 3000 MeV
within a two-neutrino νµ → νe and ν̄µ → ν̄e oscillation model.
Also shown is the ν̄µ → ν̄e limit from the KARMEN exper-
iment [26]. The shaded areas show the 90% and 99% C.L.
LSND ν̄µ → ν̄e allowed regions. The black star shows the
best fit point.

the neutrino oscillation energy range 200 < EQE
ν <

1250 MeV. The allowed regions from a two-neutrino fit
to the data, shown in Fig. 5, are consistent with νµ → νe
and ν̄µ → ν̄e oscillations in the 0.01 to 1 eV2 ∆m2 range
and consistent with the allowed region reported by the
LSND experiment [1].
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PLANNING FOR A COMPREHENSIVE SHORT-
BASELINE PROGRAM AT FNAL  

• A (new) near 
LArTPC "
(~50 t fid.) 
located at "
~100 m "
from target

• MicroBooNE 
(~80 t fid.) "
at 470 m

•  ICARUS T600 
(476 t fid.) "
at ~600 m

7/4/14ICHEP 2014, Valencia, Spain 11

!"#$%&'()*#+,-./#01&(%2345 67)&#-89'(:2;#0<89<#=88)(>3#?#-@)@98#$AB#,CD89('8>)<

!"#$%&%%'()*+,-./)

0&')12)*34--./)

0&')'2)*35--./)

&%%678$)

'897$":%)

&8;.)

!<'=0>!<'(?@A)

69$B;#8)C9"DE":F)

&'&)7;$F87)G;DD)

!":"&%%'()

EF

GH9I?B!

.1HJ0$#KLFF

=(%94A44B,

$ABMABA

Same detection technology + same beamline  
reduced systematic uncertainties



!!

νµ νs
νe

Calo Energy (no neutrons) (GeV)

0.5 1 1.5 2 2.5 3

E
v
e
n
ts

0

50

100

150

200

250

300
MicroBooNE (470m)

 = 0.013)
eµ

!2
2

, sin
2

 = 0.43 eV
2

m"signal: (

e
# $ µ

e
# $ 

+
k

e
# $ 

0
k

0

%NC 

 CC
µ

#

Signal

MicroBooNE, 6.6e20 POT
Signal: (∆m2 = 0.43eV2, sin22θµe = 0.013)

PRELIMINARY
SIMULATION

E
ve
nt
s
/
28
0
M
eV µ → νe

k+ → νe

k0 → νe

NC π0

νµ CC

Signal

Visible Neutrino Energy (GeV)Calo Energy (no neutrons) (GeV)

0.5 1 1.5 2 2.5 3

E
v
e

n
ts

0

500

1000

1500

2000

LAr1-ND (100m)

 = 0.013)
eµ

!2
2

, sin
2

 = 0.43 eV
2

m"signal: (

e
# $ µ

e
# $ 

+
k

e
# $ 

0
k

0

%NC 

 CC
µ

#

Signal

Signal: (∆m2 = 0.43eV2, sin22θµe = 0.013)

Visible Neutrino Energy (GeV)

µ → νe

k+ → νe

k0 → νe

NC π0

νµ CC

SignalE
ve
nt
s
/
28
0
M
eV

PRELIMINARY
SIMULATION

LAr1-ND, 2.2e20 POT

Calo Energy (no neutrons) (GeV)

0.5 1 1.5 2 2.5 3

E
v
e

n
ts

0

200

400

600

800

1000

1200

ICARUS (600m)

 = 0.013)
eµ

!2
2

, sin
2

 = 0.43 eV
2

m"signal: (

e
# $ µ

e
# $ 

+
k

e
# $ 

0
k

0

%NC 

 CC
µ

#

Signal

Signal: (∆m2 = 0.43eV2, sin22θµe = 0.013)

Visible Neutrino Energy (GeV)

µ → νe

k+ → νe

k0 → νe

NC π0

νµ CC

SignalE
ve
nt
s
/
28

0
M
eV

PRELIMINARY
SIMULATION

T600 @ 600m, 6.6e20 POT

!"#$%&%'(")*+,%&-$(.%/'

"#$%$&''$($ )*+,-.--"/$%$01'$($ 234567$89''$%$9''$($

!:$4;;:<,<=+:

!µ$#*><;;:<,<=+:

SBN: ELECTRON NEUTRINO APPEARANCE 

7/4/14ICHEP 2014, Valencia, Spain 12

!!

νµ νs
νe

Calo Energy (no neutrons) (GeV)

0.5 1 1.5 2 2.5 3

E
v
e

n
ts

0

50

100

150

200

250

300
MicroBooNE (470m)

 = 0.013)
eµ

!2
2

, sin
2

 = 0.43 eV
2

m"signal: (

e
# $ µ

e
# $ 

+
k

e
# $ 

0
k

0

%NC 

 CC
µ

#

Signal

MicroBooNE, 6.6e20 POT
Signal: (∆m2 = 0.43eV2, sin22θµe = 0.013)

PRELIMINARY
SIMULATION

E
ve
nt
s
/
28

0
M
eV µ → νe

k+ → νe

k0 → νe

NC π0

νµ CC

Signal

Visible Neutrino Energy (GeV)Calo Energy (no neutrons) (GeV)

0.5 1 1.5 2 2.5 3

E
v
e

n
ts

0

500

1000

1500

2000

LAr1-ND (100m)

 = 0.013)
eµ

!2
2

, sin
2

 = 0.43 eV
2

m"signal: (

e
# $ µ

e
# $ 

+
k

e
# $ 

0
k

0

%NC 

 CC
µ

#

Signal

Signal: (∆m2 = 0.43eV2, sin22θµe = 0.013)

Visible Neutrino Energy (GeV)

µ → νe

k+ → νe

k0 → νe

NC π0

νµ CC

SignalE
ve
nt
s
/
28

0
M
eV

PRELIMINARY
SIMULATION

LAr1-ND, 2.2e20 POT

Calo Energy (no neutrons) (GeV)

0.5 1 1.5 2 2.5 3

E
v
e
n
ts

0

200

400

600

800

1000

1200

ICARUS (600m)

 = 0.013)
eµ

!2
2

, sin
2

 = 0.43 eV
2

m"signal: (

e
# $ µ

e
# $ 

+
k

e
# $ 

0
k

0

%NC 

 CC
µ

#

Signal

Signal: (∆m2 = 0.43eV2, sin22θµe = 0.013)

Visible Neutrino Energy (GeV)

µ → νe

k+ → νe

k0 → νe

NC π0

νµ CC

SignalE
ve
nt
s
/
28

0
M
eV

PRELIMINARY
SIMULATION

T600 @ 600m, 6.6e20 POT

!"#$%&%'(")*+,%&-$(.%/'

"#$%$&''$($ )*+,-.--"/$%$01'$($ 234567$89''$%$9''$($

!:$4;;:<,<=+:

!µ$#*><;;:<,<=+:

!!

νµ νs
νe

Calo Energy (no neutrons) (GeV)

0.5 1 1.5 2 2.5 3

E
v
e
n
ts

0

50

100

150

200

250

300
MicroBooNE (470m)

 = 0.013)
eµ

!2
2

, sin
2

 = 0.43 eV
2

m"signal: (

e
# $ µ

e
# $ 

+
k

e
# $ 

0
k

0

%NC 

 CC
µ

#

Signal

MicroBooNE, 6.6e20 POT
Signal: (∆m2 = 0.43eV2, sin22θµe = 0.013)

PRELIMINARY
SIMULATION

E
ve
nt
s
/
28
0
M
eV µ → νe

k+ → νe

k0 → νe

NC π0

νµ CC

Signal

Visible Neutrino Energy (GeV)Calo Energy (no neutrons) (GeV)

0.5 1 1.5 2 2.5 3

E
v
e

n
ts

0

500

1000

1500

2000

LAr1-ND (100m)

 = 0.013)
eµ

!2
2

, sin
2

 = 0.43 eV
2

m"signal: (

e
# $ µ

e
# $ 

+
k

e
# $ 

0
k

0

%NC 

 CC
µ

#

Signal

Signal: (∆m2 = 0.43eV2, sin22θµe = 0.013)

Visible Neutrino Energy (GeV)

µ → νe

k+ → νe

k0 → νe

NC π0

νµ CC

SignalE
ve
nt
s
/
28
0
M
eV

PRELIMINARY
SIMULATION

LAr1-ND, 2.2e20 POT

Calo Energy (no neutrons) (GeV)

0.5 1 1.5 2 2.5 3

E
v
e

n
ts

0

200

400

600

800

1000

1200

ICARUS (600m)

 = 0.013)
eµ

!2
2

, sin
2

 = 0.43 eV
2

m"signal: (

e
# $ µ

e
# $ 

+
k

e
# $ 

0
k

0

%NC 

 CC
µ

#

Signal

Signal: (∆m2 = 0.43eV2, sin22θµe = 0.013)

Visible Neutrino Energy (GeV)

µ → νe

k+ → νe

k0 → νe

NC π0

νµ CC

SignalE
ve
nt
s
/
28

0
M
eV

PRELIMINARY
SIMULATION

T600 @ 600m, 6.6e20 POT

!"#$%&%'(")*+,%&-$(.%/'

"#$%$&''$($ )*+,-.--"/$%$01'$($ 234567$89''$%$9''$($

!:$4;;:<,<=+:

!µ$#*><;;:<,<=+:

νμ "
⬇ "
νe

!"#$%&&#&"'"()*"#)#+,%-"#./#"01"(%2"3-+#-.#4,%&5#)#5"/%3%-%'"#1(.*()2

6 7%8(.9..:;#$%&&#"0)2%3"#-<"#7%3%9..:;#&.$="3"(*>#"08"++#)35#)55("++#

%/#%-#%+#"&"8-(.3#.(#1<.-.3#%3#3)-,("

!"#$%&'()*+,-*&.*/%$,-#&0$#1$(2

6 ?<"#@%A,%5#BC*.3#

:")(#D"-"8-.(#E@B(F=

:DG#)35#)#("/,(4%+<"5#

?HII#5"-"8-.(#$%&&#

)&&.$#,+#-.#)55("++#

$<"-<"(#-<%+#+%*3)&#%+#

%3-(%3+%8#-.#-<"#4")2#.(#

%/#%-#)11")(+#'%)#

.+8%&&)-%.3+J#K/#-<"#

+%*3)&#%+#5,"#-.#

.+8%&&)-%.3+#-<"+"#

"01"(%2"3-+#$%&&#1(.4"#

-<"#1)()2"-"(+#$%-<#

<%*<#1("8%+%.3##

!
"
#
#
$
%

$
&

'
&

!
"
#
#
$
%

$
& '
&

L



SBN: MUON NEUTRINO DISAPPEARANCE 

• With BNB, can also do muon neutrino disappearance 
search

•  If excess in electron search due to oscillations, should 
see deficits in muon neutrino flux at far detectors
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PROJECTED SENSITIVITY FOR 
COMPREHENSIVE PLAN 

• Covers significant 
parts of sterile 
neutrino 
parameter space

•  Almost entirely 
covers LSND 
allowed 
regions at 5σ

Will benefit 
tremendously from 
multiple detectors 
with same target and 
technology
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ADDITIONAL PHYSICS WITH SBN PROGRAM 

Neutrino cross section measurements

• Detector close to target  much higher neutrino flux
• >15x neutrino interaction rate than MicroBooNE despite 

smaller size

Searches for sub-GeV dark matter

• Direct detection of WIMPs limited by galactic halo velocity
• To search lower: produce WIMPs in a beam dump
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V – dark sector vector mediator mixing with photon

χ – WIMP dark matter



SUMMARY 

Fermilab’s BNB provides excellent source of neutrinos 
for short-baseline neutrino physics

LArTPCs are a powerful detection technology perfect 
for conducting this physics

• MicroBooNE will begin taking data soon!
•  Resolve source of MiniBooNE low-energy excess
•  Perform crucial cross section measurements of neutrino 

interactions on argon

• SBN program can test full parameter space of best 
hints at sterile neutrinos

•  Potential for discovery of beyond-SM physics!
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BACKUP SLIDES 
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MICROBOONE PHYSICS GOALS 

Resolve source of MiniBooNE low-energy anomaly
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If the excess were electron-like: If the excess were photon-like:

Projections assuming 6.6 x 1020 POT


